Three β-galactosidase isoforms, β-gal I and β-gal II (cytosolic) and β-gal III (cell wall-associated), were isolated from stems of Vigna unguiculata (L.) Walp. cv. Pitiúba seedlings. Purification consisted of ammonia sulfate fractionation followed by chromatography in DEAE-Sephadex and Lactosyl-Sepharose columns. The two cytosolic isoforms showed the same chromatography pattern, which differed from that of β-gal III. Electrophoresis revealed a single band of protein for β-gal II and β-gal III which also expressed β-galactosidase activity in gel. The apparent molecular mass of the β-gal I, II and III was 89, 146 and 124 kDa, respectively. The three isoforms revealed the same optimal pH (4.0) and the same optimal assay temperature (55°C) for enzyme activity. The three isoforms were stable at temperatures up to 50°C, and incubation with glucose and galactose expanded their thermal stability as well as inhibited their activities. Galactose was the most effective in promoting these effects and β-gal I and II were competitively inhibited by this sugar. Kinetic analysis using β-PNPG as substrate, revealed KM of 1.69, 1.76 and 1.43 for β-gal I, β-gal II and β-gal III, respectively. The β-gal I was able to hydrolyze all synthetic substrates tested, whereas β-gal II exhibited only β-fucosidase and a-arabinosidase activities, and β-gal III was limited to the a-galactosidase, β-fucosidase and a-arabinosidase activities. These results are consistent with three distinct β-galactosidases exhibiting quite similar kinetic features, but endowed with different functional specificities probably related to their specific roles in the plant cell physiology.
INtrODUCtION
The degradation of cell wall polysaccharides depends on action by various enzymes, which were classified by Fry (2004) in exopolysaccharides, endopolysaccharides and other hydrolases. After synthesis and deposition of wall polysaccharides, these enzymes participate in the degradation of different cell wall polysaccharides and may result in changes in their structure and composition. The polysaccharides thus act in the regulation of cell wall alterations and expansions.
However, no information has been reported on the exact cell location of these enzymes (Minic and Jouanin, 2006) .
Glycoside hydrolases form an ample group of enzymes that hydrolyze glycoside bonds between two or more carbohydrates or between one carbohydrate and another type of macro molecule (Minic and Jouanin, 2006; Pérez-Almeida and Carpita, 2006) . Various studies report that β-galactosidases (EC 3.2.1.23) act on cell wall components and can promote their loosening and the consequent elongating of the cell (Minic and Jouanin, 2006; Pérez-Almeida and Carpita, 2006) . These enzymes act as lactases and transglycosylases (Mathews, 2005) and catalyze the enzymatic hydrolysis between the carbohydrates glycosidic bonds (Pérez-Almeida and Carpita, 2006) .
For understanding the physiological roles of new β-galactosidases, the proteins need to be purified previously in order to perform studies on their physical and catalytic properties. Besides the purification and characterization studies of β-galactosidases of vegetative organs (Konno and Tsumuki, 1993; Sawicka and Kacperska, 1995) , several studies have also been conducted on the characterization of β-galactosidases isolated from storage organs (Enéas-Filho et al., 2000; Balasubraniam et al., 2005; Alcântara et al., 2006) . The differences observed among these β-galactosidases should reflect differences between cultivars and species, different organs, different locations in the cell, possible modifications during plant development and different conditions to which the plants were submitted. Characterize the protein molecular mass, the optimal pH and temperature for catalysis, the thermo stability in the presence of sugars, effects of some sugars on enzymatic activity, kinetic analysis including determination of the enzyme affinity and specificity to different substrates. The β-galactosidases act on mobilization of cell wall constituents during plant germination and growth. According to Chilaka et al. (2002) , β-galactosidase stabilizes against thermo inactivation in the presence of glucose and galactose, suggesting that the thermo inactivation route involves changes in the active enzyme site, so that exposure of such to high temperatures may not necessarily deactivate it due to the protection offered by these sugars, making it more resistant to high temperatures (Chilaka et al., 2002) . On the other hand, some sugars can also bind to active sites or any other enzyme region, acting as competitive, uncompetitive or non-competitive inhibitors, reducing the product formation rate in the reaction (Nelson and Cox, 2000) .
Cowpea stems were object of this study due to the lack of information on β-galactosidases from this kind of plant tissue. Towards this end it was purified and characterized β-galactosidases derived from the cytosol and cell walls isolated from cowpea seedlings hypocotyls. A comparative analysis was carried out among the cytosolic β-galactosidases and those from cell walls in order to provide information about the biochemical identity of these enzymes.
MAtErIAlS AND MEthODS
Vegetal material, germination and collection conditions: Cowpea [Vigna unguiculata (L.) Walp.], cultivar Pitiúba seeds were used. Seeds treated with sodium hypochlorite for five minutes (Gomes- Filho and Prisco, 1978) were sowed in distilled water in sheets of filter paper, for a 12 h photoperiod, irradiance of 16 mmol m -2 s -1
, temperature of 25 ± 2°C and relative humidity near 100%. After sowing, the seedlings were selected and collected in development stage VIII (radicle longer than 5 cm, cotyledons outside the paper, straight hypocotyl and open, cotyledonal leaves), according to Sousa et al. (2004) . After collection, the stems were lyophilized, macerated and stored at 10°C.
Extraction and purification of cytosol and cell wall β-galactosidases: Lyophilized stems were macerated in a sodium citrate buffer 25 mM -potassium phosphate 50 mM, pH 5.5 (McIlvaine buffer) with polyvinylpyrrolidone (PVP) 0.1%, at a proportion of 1:50 (m/v), for one hour in an ice bath. The homogenate was centrifuged at 16,000 g for 30 minutes, at 4 o C. The supernatant (containing the cytosolic proteins) was precipitated with ammonia sulfate 20-80%, centrifuged and dialyzed against deionized water for 24 hours, at 4 o C, obtaining a cytosolic protein fraction (F 20-80 ) (Enéas-Filho et al., 1995) . The precipitate was resuspended and washed with a sodium phosphate buffer 10 mM, pH 7.0, at 10°C. The residue was then washed with acetone at -20°C, and then washed with the same buffer. The residue was resuspended in a sodium citrate buffer 10 mM/sodium phosphate 10 mM, pH 5.5, with 3 M NaCl and PVP 0.1% (m/v), at 4°C, for 24 hours, under agitation. After centrifugation at 16,000 x g, for 15 minutes, the supernatant was filtered, dialyzed against a sodium citrate buffer 10 mM/sodium phosphate 10 mM, pH 5.5, for 24 hours, at 4°C and centrifuged at 16,000 x g, for 15 minutes. The supernatant was precipitated with ammonia sulfate at a saturation range of 40-100%, centrifuged, resuspended and dialyzed against deionized water for 24 hours, at 4 o C, obtaining a (F 40-100 ) protein fraction ionically cell wall-bound (Seara et al., 1988) .
Contamination of the cowpea hypocotyls extracellular fluid by cytoplasmic proteins was prevented by using the same procedure adopted by Gómez et al. (1995) , which obtained extracellular fluid with only 1.5 and 1.4% of contamination with cytosolic and vacuolar proteins, respectively. Cell wall preparation purity was tested by accessing marker enzymes, β-GALACTOSIDASES FROM Vigna unguiculata STEMS the cytosolic glucose-6-phosphate and the vacuolar acid phosphatase dehydrogenase. Glucose-6-phosphate dehydrogenase activity was determined according to Molina et al. (2003) and vacuolar acid phosphatase activity was determined according to the Granjeiro et al. (2003) , at 4°C. Elution was conducted with a saline gradient (0.2-1.0 M NaCl, in a TrisHCl 25 mM pH 7.2 buffer; 100 mL) (Enéas-Filho et al., 2000) . β-galactosidase activity peaks were gathered and dialyzed against deionized water for 24 hours, at 4°C, concentrated separately by partial lyophilization and applied to an affinity column (Lactosyl-Sepharose). The 40-100% lyophilized fraction (F 40-100 -proteins ionically cell wall-bound) was applied directly to the affinity column at a flow of 36.0 mL×h -1 at 4°C. Elution was conducted with the equilibrium buffer, containing lactose 100 mM and NaCl 0.5 M. Fractions rich in β-galactosidase activity were united, dialyzed against deionized water for 24 hours, at 4°C, and stored at -20ºC (Enéas- Filho et al., 2000) .
Determinations of β-galactosidase activity and protein content: β-galactosidase activity was determined according to Kanfer et al. (1973) , with modifications. Reaction mixture was composed of 0.5 mL of extract and the synthetic 3 mM p-nitrophenyl-β-D-galactopyranoside substrate (β-PNPG) in a McIlvaine pH 4.0 buffer. After 15 minutes at 55ºC in a double boiler, the reaction was interrupted by adding 1.5 mL of 0.1 M sodium carbonate. Enzymatic activity was determined by the quantity of product formed, measuring absorbance in 400 nm (A 400 ), where one UA corresponds to one 0.01 DA 400 . The determination of protein concentrations was performed according to Bradford (1976) using bovine serum albumin as standard.
Electrophoresis in polyacrylamide gel (pAGE-native) in acid conditions: Electrophoresis was conducted in native conditions (PAGE-native) and at acidic pH according to Goldenberg (1997) , with modifications. Purified β-galactosidases were equilibrated with a potassium acetate buffer 1 M, pH 6.8, containing glycerol (50%) and basic fuchsine (0.005%). Purified enzymes (30 mL) were applied in duplicate, separately, in the wells and the electrophoretic pattern developed in 0.14 M acetate buffer -0.35 M β-alanine, pH 4.3, at a current of 30 mA in the direction of the cathode for approximately five hours. In the end, the polyacrylamide gel was divided in half. One half was used for the specific staining of the β-galactosidase activity (Simos and Georgatsos, 1988) . For this, the synthetic substrate 6-bromo-2-naphthyl-β-Dgalactopyranoside (4.0 mM) was used. The other half was used to stain proteins with silver nitrate according to Blum et al. (1987) .
Characterization and properties of β-gal I, β-gal II and β-gal III: Molecular mass was determined in G-150 Sephadex gel filtration chromatography (Biswas, 1987) at a flow of 18 mL×h -1
, which was equilibrated with 25 mM Tris-HCl, pH 7.2 buffer. Enzymatic activities were studied in a pH range that varied between 2.5 and 6.5, at 0.5 intervals. The activity assay for determining the optimal temperature of enzymes was run at temperatures of 30, 40, 50, 55, 60, 70 and 80 °C. In order to determine β-galactosidase thermal stability, 0.5 mL aliquots of the enzymatic solution were incubated for 10 minutes at different temperatures (30, 40, 50, 60, 70 and 80°C) , followed by cooling in an ice bath and subsequent determination of enzymatic activity in standard assay conditions. The thermal inactivation of enzymes was verified through the pre-incubation of 0.5 mL aliquots at 60°C for 20, 40, 60 and 80 min, in the absence and presence of 50 mM galactose or glucose. After incubation, the aliquots were placed in ice baths and then the enzymatic activity was determined in standard conditions and expressed in percentages of control (control 1-sample without thermal treatment and in the absence of sugars; control 2 -sample without thermal treatment in the presence of 50 mM galactose; control 3 -sample without thermal treatment in the presence of 50 mM glucose). In order to analyze the effect of some sugars in β-galactosidase activity, assays were conducted in standard conditions, in the absence (control) and presence of lactose, galactose, arabinose and fucose sugars (all at concentrations of 50 mM).
Kinetic analysis of each purified β-galactosidase was carried out at increasing concentrations of β-PNPG (1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 mM), used as standard substrate, K M and V Max were determined by performing the double reciprocal Lineweaver-Burk plot. An inhibitory kinetic was analyzed for the β-galactosidases as a function of increasing concentrations of galactose (2.5, 10, 20 and 30 mM) and of the β-PNPG substrate (2.0, 2.5, 3.5, 5.0 and 10.0 mM). The specificity of each purified β-galactosidase was estimated by their capacity to hydrolyze the synthetic substrates:
fucopyranoside (all at concentrations of 3 mM). Enzymatic activity values were expressed in percentages of control (β-Dgalactosidase activity), using the β-PNPG substrate.
rESUltS
Fractions containing cytosolic proteins presented almost all β-galactosidase activity in the 20-80% range, while fractions containing cell wall proteins presented most of their activity in the 40-100% range (Table 1 ). The F 20-80 fraction for cytosolic protein presented a 98.7% recovery in β-galactosidase activity and 1.8 times purification, while F 40-100 for cell wall proteins was obtained with a 40.1 recovery of β-galactosidase activity and purification of 1.1 times ( Table 1 ).
The DEAE-Sephadex A-50 column chromatography profile for F 20-80 of cytosolic proteins revealed the existence of two protein peaks (A 280 ), one non-retained (DS I) and the other adsorbed to DEAE-Sephadex (DS II) ( Figure 1A ). Both the DS I and the DS II peaks presented β-galactosidase activity. DS I and DS II protein fractions showed purification of 10.1 and 1.5 times, respectively (Table 1) . DS I and DS II fractions were applied on a LactosylSepharose affinity column. Application of DS I in the affinity column resulted in a big non-retained protein peak (A 280 ) in the column, with residual β-galactosidase activity that was not used for subsequent analyses. On the other hand, the peak that was retained, called β-gal I, presented almost all β-galactosidase activity ( Figure 1B) and purification of 133.5 times (Table  1) . When DS II was applied to affinity chromatography, the chromatography profile also resulted in two peaks at A 280 , one non-retained, very evident, but with very low β-galactosidase activity that was not used in the analyses, and the other retained, with expressive β-galactosidase activity, which was called β-gal II ( Figure 1C ) and a purification of 21.4 times ( Table 1 ).
The chromatography profile of cell wall proteins for F 40-100 derived from Lactosyl-Sepharose column revealed the existence of a non-retained protein peak (A 280 ), with residual β-galactosidase activity that was not used in subsequent analyses, and the other, retained, with a considerable percentage of β-galactosidase activity, which was called β-gal III ( Figure  1D ) and which presented purification of 52.3 times (Table 1) .
Electrophoretic analysis β-galactosidases isolated revealed that β-gal II and β-gal III presented a single protein band that corresponded to the same band with β-galactosidase activity (Figure 2 ). However, due to little quantity of protein and enzymatic activity of β-gal I, the revelation of protein with silver and the determination of enzymatic activity were not effective and identification was thus not possible.
The Sephadex G-150 column chromatography profile for the three β-galactosidase isoforms revealed apparent molecular masses of 89, 146 and 124 kDa for β-gal I, β-gal II and β-gal III, respectively (Figure 3) . ). The arrow indicates the beginning of the use of the elution buffer containing 100 mM lactose and 0.5 M NaCl. Enzymatic activities of cytosolic (β-gal I and β-gal II) and cell wall (β-gal III) β-galactosidases as a function of pH in the reaction medium can be observed in figure 4A . In all samples analyzed, there was an increase in enzymatic activity starting at pH 2.5 until reaching maximum activity at pH 4.0, with a progressive decrease until pH 6.5.
Optimal assay temperature for β-gal I, β-gal II and β-gal III enzymes was 55°C, and in all there was very little difference in activity between 55 and 60°C and a considerable drop in activity after 60°C ( Figure 4B ). However, in β-gal I and β-gal II there was considerable difference in activity between 50 and 55°C, contrary to β-gal III, where there is very little difference in activity between these temperatures ( Figure 4B ).
In the thermal stability study of β-gal I, II and III enzymes ( Figure 4C Of all those sugars tested for their effects on β-gal I, II and III activities (Table 2) , in the presence of β-PNPG, the higher inhibition was caused by galactose, followed by lactose and fucose. In general, arabinose had the least effect on β-gal I, II and III activity. The study of β-gal I, β-gal II and β-gal III activities, as to their capacities to hydrolyze different substrates, is shown in Table 3 . β-gal I presented activity for all tested synthetic substrates, where β-fucosidase activity was the most evident, representing 94% of control activity (β-galactosidase activity). Different results were observed in relation to β-gal II, which only presented β-fucosidase and a-arabinosidase activities, which represented 21 and 10% of control activity, respectively. Of all tested substrates, the one β-gal III hydrolyzed at greater proportions was PNPa-D-glucopyranoside, which represented 32% of control activity (β-PNPG). β-gal III presented β-fucosidase and a-arabinosidase activities, but there was practically no β-xylosidase activity and did not present capacity to hydrolyze PNP-β-D-glucopyranoside, PNP-a-D-mannopyranoside and PNP-a-L-fucopyranoside substrates. 
DISCUSSION
Plant β-galactosidases are often basic proteins exhibiting pI greater than 7.0 (Simos et al., 1989; Enéas-Filho et al., 2000; Li et al., 2001; Balasubraniam et al., 2005) . It seems to be the case of the β-galactosidases here purified and characterized, which also have the same optimal pH (4.0). Therefore, an electrophoresis methodology in acid gel specific for basic proteins (Goldenberg, 1997 ) was adopted in the present study. A similar electrophoretic profile (Figure 2 ) was previously observed in Phaseolus vulgaris (Biswas et al., 2003) . Molecular mass differences found among the β-galactosidases analyzed (Figure 3 ) could reflect the distinct nature of the three enzymes -two cytosolic isoforms (β-gal I and II) and another one associated with the cell wall (β-gal III). In fact, different molecular masses have been described for β-galactosidases previously purified from different plant tissues (e.g., Li et al., 2001; Biswas et al., 2003; Balasubraniam et al., 2005; Alcântara et al. 2006 ).
The optimal pH presented by β-gal I, II and III ( Figure 4A ) is common to a broad variety of plant species (Enéas-Filho et al., 2000 and 2001; Li et al., 2001; Chilaka et al., 2002; Biswas et al., 2003; Alcântara et al., 2006) . Furthermore, the optimal temperature range observed in Figure 4B is also similar to that found in other β-galactosidases purified from plants (Enéas-Filho et al., 2000 and 2001; Li et al., 2001; Chilaka et al., 2002) . Despite the similarities among β-gal I, II and III enzymes regarding the thermal stability, β-gal II was the most sensitive at higher temperatures ( Figure 4C ). Previous studies on thermal stability of β-galactosidases from Vigna radiata seeds (Kundu et al., 1990) and Vigna unguiculta cotyledons (Enéas-Filho et al., 2000) reported quite similar results, with minor or no inactivation of the enzymes pretreated at 50°C, but exhibiting considerable inactivation above 55°C. Slightly different results were reported by Sekimata et al. (1989) for β-galactosidases from radish seeds, which were already completely inactivated at 55°C.
According to Daniel et al. (1996) , biphasic thermal inactivation curves like that observed in Figure 5 , can reflect the ability of the enzyme to exist in more than one stable conformational state. Since β-gal III was almost completely inactivated upon pretreatment at 60°C for 40 minutes, and β-gal I and II enzymes resisted until 80 minutes at the same pretreatment, it is possible that the β-galactosidase derived from cell wall (β-gal III) is more sensitive to thermal inactivation than the cytosolic counterparts (β-gal I and II). Figure 5 explores the thermal inactivation of β-gal I, II and III in the presence of glucose or galactose and the data suggest the involvement of changes in the active site of the enzymes, since their activities were preserved even at high temperatures due to the protection induced by glucose and galactose. These sugars probably connect to the active site changing the enzyme conformation and making them more resistant to high temperatures (Chilaka et al., 2002) . The data reported by Chilaka et al. (2002) for Kestingella geocarpa enzymes are similar to those found in Figure 5 , the thermal inactivation curves as a function of time were also biphasic, glucose and galactose also protected the K. geocarpa β-galactosidases, with 100% protection in the case of galactose at a concentration of 100 mM.
The β-gal I, II and III also exhibited different inhibitory patterns for the different sugars tested (Table 2 ). Similar to the present results, the activities of Vigna radiata cotyledon β-galactosidases (Li et al., 2001) were also strongly inhibited in the presence of galactose (about 70%) and 28% in the presence of lactose. Arabinose and fucose practically did not inhibit enzyme activity in V. radiata (Li et al., 2001 ). This strong inhibition pattern for galactose (especially) and lactose was also reported in the study by Chilaka et al. (2002) with K. geocarpa cotyledonal β-galactosidases. The β-galactosidase inhibition was also found to be higher with galactose and lesser with glucose in Hymenaea courbaril cotyledons (Alcântara et al., 2006) . Different sugars structurally related to galactose tend to act as inhibitors binding to the active site acting as competitive inhibitors or even in other enzyme regions, as uncompetitive and noncompetitive inhibitors (Nelson and Cox, 2000) .
Most kinetic studies on β-galactosidases use β-PNPG as substrate (e.g., Biswas et al., 2003; Balasubraniam et al., 2005; Alcântara et al., 2006) . Enzymatic kinetics of the enzymes purified in this study indicate that β-gal III have a slightly higher affinity for β-PNPG than for β-gal I and II ( Figure 6 ).
The study of β-gal I, II and III activities in relation to their capacities to hydrolyze different substrates (Table 3) revealed differences between the two cytosolic β-galactosidases (β-gal I and II) and among them and the cell wall β-galactosidase (β-gal III), which also may suggest different functions. As observed in this study, some authors also observed that purified β-galactosidases from different plant species also presented the capacity to hydrolyze different p-nitrophenyl glycosides, besides β-PNPG (Ali et al., 1995; Li et al., 2001; Alcântara et al., 2006) . Specificity studies of cytosolic β-galactosidases isoforms of Mangifera indica fruits were performed by Ali et al. (1995) . In this study, the isoforms were unable to hydrolyze any p-nitrophenyl glycoside tested, showing that the enzymatic preparation was totally free of β-glucosidase and a-manosidase activity, agreeing with the results observed with β-gal II and β-gal III enzymes (Table 3) . Besides the absence of these activities, M. indica β-galactosidases also did not present a-arabinosidase activity. Like the β-gal I, β-gal II and β-gal III (Table 3) , different β-galactosidase isoforms associated with the cell wall isolated from Vigna radiata cotyledons also revealed different behavior regarding their capacity to degrade different substrates (Li et al., 2001) . Alcântara et al. (2006) observed there was no β-manosidase and β-xylosidase activity in the β-galactosidases present in the cell wall of Hymenaea courbaril cotyledons, similar to what was observed for β-gal II and III ( Table 3 ). Considering that β-galactosidases can act on the mobilization of cell wall constituents during plant germination and growth, the analysis of specificity these enzymes in relation to different substrates is crucial for understanding the possible physiological roles accomplished by these enzymes in this plant species.
CONClUSION
The β-gal I, β-gal II and β-gal III enzymes purified from Vigna unguiculata have very similar kinetic behaviors, however they also exhibit clear differences, such as in molecular mass, thermal stability and substrate hydrolysis specificity, indicating that the cytosolic enzymes β-gal I and II and the cell wall derived β-gal III can play different functions in the stem development of cowpea seedlings.
